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The initial expression of skeletal muscle structural genes typically occurs after myogenic determination factor gene expres-
sion. We investigated this temporal relationship via a reverse transcription±polymerase chain reaction (RT±PCR) analysis
of skeletal and cardiac a-actin (s- and c-actin) mRNA during chick limb development. c-actin transcripts were ®rst detected
at the beginning of muscle cytodifferentiation in stage 24/25 limbs, shortly after the initial appearance of MyoD and
myogenin mRNAs, and were not detected in nonmyogenic tissues. In contrast, s-actin mRNA was detected in limbs at
stage 15±16, periods when myf5 and MRF4 but not MyoD and myogenin transcripts are present (Lin-Jones, J., and Hauschka,
S. D., Dev. Biol. 174, 407±422, 1996). While s-actin mRNA was not detected in E7 neural retina and was at variable levels
in stage 9±15 neural tube, signi®cant levels were consistently detected in mesodermal tissues which contribute nonmyo-
genic cells to the limb: stage 9±12 lateral plate and distal portions of stage 25/26 limbs. s-actin transcripts detected in the
earliest limbs could thus be in myogenic and/or nonmyogenic cells. These data indicate that while c-actin expression is
activated at the onset of limb muscle cytodifferentiation, s-actin expression occurs much earlier, as well as in some
nonmyogenic tissues. Whether the precocious expression of s-actin plays a functional role in muscle development remains
to be determined. q 1997 Academic Press
INTRODUCTION seemed possible that the biphasic expression of MDF genes
might in¯uence structural gene expression.
This study asks how the onset of expression from two The a-actin proteins are major structural components of
highly similar muscle structural genes, skeletal and cardiac striated muscle and have frequently been used as markers
a-actin (s-actin and c-actin), compares to that of the myo- for differentiation. Although both the s- and c-actin iso-
genic determination factor (MDF) genes and to other events forms are coexpressed in embryonic skeletal and cardiac
during limb myogenesis. This was of interest because RT± muscle, s-actin predominates in adult skeletal muscle, and
PCR analysis of MDF gene expression during chick develop- c-actin predominates in adult heart (Buckingham, 1985). In
ment indicates that myf5 and MRF4 are expressed in the chick embryos c-actin transcripts have been detected prior
earliest limb buds, whereas MyoD and myogenin expression to those of s-actin in both somites (Ruzicka and Schwartz,
commences nearly 1.5 days later (Lin-Jones and Hauschka, 1988) and differentiating skeletal muscle cultures (Hayward
1996), at the onset of muscle cytodifferentiation (Hilfer et et al., 1988), while in developing limbs previous studies
al., 1973). Since the transcription of c-actin (Moss et al., indicated that both genes are activated simultaneously be-
1994) and many other muscle genes is partially controlled tween stages 24 and 27 (Ordahl, 1986; Toyofuku et al.,
by E-box regulatory motifs and their interactions with 1993). c-actin expression has also been reported in mouse
MDFs (Buskin and Hauschka, 1989; Hauschka, 1994), it limbs at periods corresponding to the chick limb stages at
which s- and c-actin are ®rst detected (Sassoon et al., 1989).
The present RT±PCR analysis of s- and c-actin gene ex-1 To whom correspondence should be addressed at Dept. of Bio-
pression during chick limb development generated severalchemistry, Box 357350, University of Washington, Seattle, WA
98195. Fax: (206) 685-1792. E-mail: haus@u.washington.edu. unanticipated ®ndings. First, s-actin mRNA is detected in
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TABLE 1
PCR Primers
Primer Primer sequence cDNA regions
Cardiac a-actina Forward: GAGCGTGGCTATTCCTTTGT Identical to nt 2886±2905 in exon 4
Reverse: TCCTGAGTGGGAAGTAAATG Complementary to nt 4913±4932 in 3*
untranslated region
Skeletal a-actinb Forward: GAGCGTGGCTATTCCTTTGTc Identical to nt 1109±1128 in exon 4
Reverse: ATCCTGAGTGTGGTTGGCAA Complementary to nt 2153±2172 in 3*
untranslated region
Cytoplasmic b-actind Forward: AATGAGAGGTTCAGGTGCCC Identical to nt 3140±3159 in exon 4
Reverse: ATCACAGGGGTGTGGGTGTT Complementary to nt 4190±4209 in 3*
untranslated region
a Chang et al. (1985).
b Fornwald et al. (1982).
c Sequence is identical to cardiac a-actin forward primer due to the conserved nature of the a-actin genes.
d Kost et al. (1983).
Washington Howard Hughes Chemical Synthesis Facility. Primersthe limbs as early as stage 15/16, about 1.5 days prior to
for the a-actin genes were designed such that the ampli®ed se-overt skeletal muscle differentiation and the activation of
quence spanned introns (see Results).c-actin expression. Second, s-actin transcripts are also de-
Determination of a-actin PCR primer pair sensitivity. The ap-tected in the early lateral plate precursors to nonmuscle
proximate number of target molecules that could be detected by a-limb mesenchyme. In both instances, myf5 and MRF4 are
actin primers was determined in PCR assays using plasmid derived
the only MDF transcripts to be detected concurrently with DNA (Lin-Jones and Hauschka, 1996). The DNA target sequence
s-actin transcripts, whereas all four MDF mRNAs are de- for the s-actin primers was a 1-kb DraI/BglII fragment from the
tected during the subsequent onset of c-actin expression chicken s-actin cDNA cloned into pGEM4 (kindly provided by R.
(Lin-Jones and Hauschka, 1996). Schwartz). The test sequence for the c-actin primers was a 1-kb
BglII fragment from the chicken cDNA (kindly provided by B. Pater-
son; Eldridge et al., 1985). The DNA targets were used in PCR
assays under conditions identical to those described for the RT±MATERIALS AND METHODS
PCR. For a given PCR cycle number, a range of target molecules for
each of the primers was determined that consisted of the greatest
Embryos. Chick embryos were obtained from fertilized White number of targets tested that did not yield visible levels of the PCR
Leghorn eggs (H and N International, Redmond, WA) which had product and the smallest number of targets tested that produced
been incubated in a forced draft incubator at 37±387C, 100% hu- visible levels of the PCR product.
midity. Developmental stages were ascertained according to the
criteria of Hamburger and Hamilton (1951).
Embryo dissection and RNA extraction. E11 liver, lateral RESULTSplate, neural tube, and limb bud RNA samples were obtained from
embryos as described in Lin-Jones and Hauschka (1996). Neural
Speci®city and Sensitivity of the a-Actin PCRretinas were processed for RNA in a similar manner after dissec-
tion from E7 chick eyes. Each RNA sample was quanti®ed spectro- Primers
photometrically at 260 nm before use in RT±PCR assays.
Nucleotide sequences of the two chick a-actin cDNAsRT±PCR. One microgram of total RNA was used for RT±PCR
exhibit 85% identity in their coding regions (Fornwald etwith the a-actin primers and 100 ng of total RNA was used for
al., 1982; Chang et al., 1985). Use of a common a-actinreactions with the cytoplasmic b-actin primers. The conditions of
the RT±PCR reactions were essentially those described in Lin- 5* forward primer thus allowed comparable PCR reaction
Jones and Hauschka (1996). The a- and b-actin primers (Table 1) conditions for both isoforms; and the speci®c mRNAs could
were used in PCR reactions containing 1.5 mM MgCl2, and cycling then be distinguished by unique 3* reverse primers (Table
parameters were identical to those described previously: 957C dena- 1). Primers for all actin mRNAs were also designed to span
turation, 557C annealing, and 747C extension. The number of cycles introns. This assured that PCR product sizes predicted on
varied from 15 to 30 depending on the primer pair used. Samples the basis of actin cDNA sequences would not be confused
of each reaction were removed every 2±5 cycles and analyzed by gel
with larger products that could arise from contaminatingelectrophoresis, 3% NuSieve/1% agarose (Lin-Jones and Hauschka,
genomic DNA. Since s- and c-actin PCR products are very1996). Identi®cation of PCR products was veri®ed by size and diag-
similar in size, it was also necessary to check the speci®citynostic restriction digests with BamHI and BclI, which yield charac-
of the 3* primers and to verify PCR product identities byteristic restriction patterns (Fig. 1 and described under Results).
All PCR primers (Table 1) were synthesized by the University of restriction digests. A diagnostic BamHI site was identi®ed
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Detection of Skeletal and Cardiac a-Actin
Transcripts in Chick Embryo Limb Buds
mRNA from developing chick limbs was assayed by RT±
PCR to determine when the s- and c-actin genes were ®rst
activated above background levels. Limb samples were de-
®ned as containing ``signi®cant'' transcript levels when the
speci®c a-actin PCR product became visible two or more
cycles earlier than from a simultaneously analyzed E11 liver
RNA sample. In each RT±PCR experiment, E11 liver was
used to de®ne background, ``leaky,'' expression, since a-
actin transcripts were not detected in liver by Northern
analysis (McHugh et al., 1991) and since liver is not thought
to represent a myogenic tissue.
Stage 15 forelimbs and stage 16 hindlimbs were the earli-
est stages at which limb tissue could be dissected (see Fig.
1 in Lin-Jones and Hauschka, 1996). Examples of s- and c-
FIG. 1. Determination of a-actin PCR primer speci®city. s- and actin detection are shown in Fig. 2. In this particular experi-
c-actin primers were used to amplify cDNA generated from the ment, PCR ampli®cation of a stage 15 forelimb sample de-
proximal three-fourths of stage 25/26 hindlimbs. After 25 cycles,
tected the 573-bp s-actin PCR product after 25 cycles, 3aliquots of the PCR reactions were cleaved with BamHI or BclI,
cycles earlier than detected in E11 liver cDNA (Fig. 2A).and undigested PCR products and restriction digests were separated
Such early expression of s-actin was unexpected since noby electrophoresis. The PCR product obtained with the s-actin PCR
overt limb muscle differentiation has been documented atprimers is 573 bp (dark arrowhead); it yields the predicted 336- and
this stage. The s-actin PCR products appeared at an even202-bp fragments when cut with BamHI (indicated by lines without
arrowheads) and is not cut with BclI. The PCR product obtained earlier cycle number relative to liver in stage 24 forelimbs,
with c-actin primers is 578 bp (dark arrowhead); it yields the antici- suggesting that higher levels of s-actin mRNA are present
pated 400 and 138 bp fragments (light arrowheads) when cut with at the later stage. Figure 3 summarizes the s-actin RT±PCR
BclI and is not cut with BamHI. No PCR products are detected results from experiments with fore- and hindlimbs, and in-
in control reactions without reverse transcriptase for either set of dicates the percentage of limb samples at each stage that
primers.
TABLE 2
in the s-actin PCR product, and a unique BclI site was iden-
Sensitivity of PCR Primers
ti®ed in the c-actin product. The speci®city of a-actin prim-
ers is shown in Fig. 1. A sample from the proximal three- Range of the number
a-actin PCR No. of PCR of target moleculesfourths of a stage 25/26 hindlimb, a region known to contain
primer cycles that can be detectedadifferentiating muscle cells, was used in RT±PCR reactions
containing the a-actin primers. After 25 cycles, a portion
skeletal a-actin 15 5 1 105,b 106c
of each reaction was digested with restriction enzymes 17 105, 5 1 105
BamHI or BclI. The 573-bp s-actin PCR product was cut 19 105, 5 1 105
with BamHI to give the predicted 336- and 202-bp frag- 21 104, 5 1 104
ments, but was not cut with BclI. In contrast, the 578-bp 23 1000, 5000
25 1000, 5000c-actin PCR product was cleaved into the predicted 400-
cardiac a-actin 15 5 1 105, 106and 138-bp fragments by BclI, and not cleaved by BamHI.
17 105, 5 1 105Sensitivities of the two a-actin primer pairs were com-
19 105, 5 1 105pared in PCR reactions using known amounts of target mol-
21 104, 5 1 104
ecules which were generated from plasmids containing the 23 5000, 104
two a-actin cDNAs (Table 2). Both s- and c-actin primers 25 1000, 5000
appeared to detect similar ranges of target molecules. How-
a This range gives an approximation of how many target mole-ever, the s-actin primers show a slightly greater sensitivity,
cules are required to give visible product on an ethidium bromidesince they amplify visible PCR product from 5000 target
stained agarose gel given a particular number of PCR cycles.molecules after 23 cycles, while the c-actin primers require b The smaller number in the range represents the greatest number
about 10,000 target molecules. The range of a-actin target of target molecules tested that failed to amplify visible product.
molecules that can be detected after 25 cycles is similar to c The greater number in the range represents the smallest number
that found for myf5 in our previous PCR study (Lin-Jones of target molecules tested that produced visible product following
ampli®cation.and Hauschka, 1996).
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FIG. 2. Detection of s- and c-actin transcripts by RT±PCR during chick forelimb development. (A) Skeletal a-actin and cytoplasmic b-
actin PCR primers were used to amplify cDNA from E11 liver, stage 15 and 24 forelimb samples. In this particular assay, the 573-bp s-
actin PCR product is ®rst detected in E11 liver after 27 cycles, and this cycle number is thus operationally de®ned as a signal due to
``background'' or ``leaky'' transcription. The same size PCR product is visible after only 25 cycles in the stage 15 forelimb sample and
after only 22 cycles in the stage 24 forelimb sample. s-actin transcripts in these samples are operationally de®ned as being ``signi®cantly
above background,'' since they yield visible product 2 or more cycles prior to that seen in the liver sample analyzed simultaneously and
under identical conditions. The higher molecular weight band seen in the stage 24 forelimb is due to ampli®cation from genomic
contaminants in the RNA sample, as it was also seen in control reactions lacking reverse transcriptase (data not shown). (B) Cardiac a-
actin and cytoplasmic b-actin PCR primers were used to amplify cDNA from E11 liver and stage 24 and 25 forelimbs. The 578-bp c-actin
PCR product is detected in both E11 liver and stage 24 forelimb samples after 20 cycles; thus the stage 24 limb signal in this particular
assay is operationally de®ned as background expression. In contrast, the stage 25 forelimb sample exhibits the PCR product after only 17
cycles, and is thus considered to represent signi®cant mRNA levels. All cDNA samples exhibit ef®cient ampli®cation of the 409-bp
cytoplasmic b-actin product. The identities of the PCR products were veri®ed by diagnostic restriction digests, and no speci®c products
were detected in reactions without reverse transcriptase (data not shown).
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FIG. 3. Composite data for s-actin gene expression in the developing chick fore- and hindlimb. RT±PCR assays were used to examine
stage 15±26 forelimb (A) and stage 16±23 hindlimb samples (B). All limb samples were compared to background levels that were de®ned
as the number of PCR cycles required to amplify visible PCR product from E11 liver during the same RT±PCR assay. Open bars indicate
the percentage of limb samples from a particular stage that exhibited s-actin mRNA levels equivalent to background. Samples exhibiting
``signi®cant'' s-actin mRNA levels (hatched bars) were categorized according to differences in the numbers of PCR cycles required to
visualize product compared to background (E11 liver), with progressively darker bars indicating product detection after progressively fewer
PCR cycles, thus suggesting roughly greater levels of actin mRNA. For example, among the 10 samples analyzed from stage 15/16 forelimbs,
2 exhibited product levels which were indistinguishable from that detected in the simultaneously analyzed liver samples, 7 exhibited
visible product 1±3 cycles prior to the cycle number at which products were visible in the control liver samples, and 1 exhibited visible
product 4 or 5 cycles prior to that of its liver control.
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displayed background (open bars) or signi®cant (hatched tissues examined, E7 neural retina was selected as repre-
bars) levels of s-actin mRNA. The limbs displaying levels senting a neuronal tissue not thought to contain any myo-
signi®cantly above background were further categorized ac- genic cells; stage 9±15 neural tube was selected as a neu-
cording to the difference in cycle number between when ronal tissue in which our previous RT±PCR studies had
the PCR product was ®rst detected in the sample relative detected consistent myf5 expression and variable MRF4 ex-
to the cycle number required for detection of background pression; stage 9±12 lateral plate was selected as a mesoder-
expression in E11 liver. The difference in PCR cycle num- mal tissue that contributes nonmyogenic cells to the limb
bers semiquantitatively re¯ects the limb actin mRNA lev- mesoderm (Christ et al., 1977, 1979), and also because it
els relative to background. The majority of limbs (60 of 68) was previously shown to contain myf5 and MRF4 tran-
between stages 15 and 25/26 exhibited s-actin transcript scripts (Lin-Jones and Hauschka, 1996); and the distal por-
levels that were well above background. This suggests that tion of stage 25/26 limb buds was examined since it con-
the s-actin gene is expressed at signi®cant levels throughout tains limb mesodermal cells that are nonmyogenic (Rutz et
early limb development, including the earliest stages (15 al., 1982; Brand et al., 1985). Since proximal portions of
and 16) when fore- and hindlimbs could be dissected. Inter- stage 25/26 limbs contain differentiating myogenic cells,
estingly however, there does not appear to be a clear correla- they were used as positive controls.
tion between increasing mRNA levels (relative to back- An experiment that examined s-actin expression in these
ground levels) and increasing limb development until stage tissues is shown in Fig. 5. As in the limb bud assays, RT±
25/26 in the forelimb in which 4 of 6 samples displayed PCR ampli®cation pro®les were compared to those from
transcript levels greater than 64-fold above E11 liver (hind- E11 liver. In this particular experiment, the s-actin PCR
limb stages later than 23 were not analyzed). product was ®rst visible after 24 cycles in both E11 liver
In contrast to the early detection of s-actin gene expres- and E7 neural retina. For this experiment, 24 cycles was
sion, only background levels of c-actin mRNA were de- thus operationally de®ned as the background ``noise/leaky''
tected until stage 24. In the stage 25 forelimb sample shown transcription level to which the ampli®cation of PCR prod-
in Fig. 2B, the 578-bp c-actin PCR product was detected ucts from all other samples was compared. Since E7 neural
after 17 cycles, whereas it was not detected until after 20 retina had an ampli®cation pattern similar to E11 liver,
cycles in stage 24 forelimbs or E11 liver. The composite data neural retina cells appear to have only leaky s-actin gene
indicate that forelimb c-actin gene expression is activated expression. In contrast, the stage 25/26 proximal forelimb
between stages 24 and 25: none of the samples that were sample exhibited signi®cant s-actin mRNA levels (see leg-
stage 23 or younger contained signi®cant c-actin mRNA end to Fig. 5), as anticipated from the fact that this limb
levels (Fig. 4), whereas about one-third of the stage 24 and region is known to contain myogenic cells (Rutz et al., 1982;
all of the stage 25 fore- and hindlimbs contained levels well Brand et al., 1985). Surprisingly however, samples from the
above background. neural tube, lateral plate, and the distal portion of stage 25/
All of the samples in Fig. 2 and those summarized in Figs. 26 forelimbs exhibited the s-actin PCR product after as few
3 and 4 produced visible levels of b-actin PCR product, thus as 18±20 cycles in this set of assays, suggesting that the s-
verifying the integrity of RNA samples in which a-actin actin gene is expressed at signi®cant levels in certain non-
mRNAs were not detected. In addition, PCR product identi- myogenic tissues. To ensure that any a-actin mRNA de-
ties were veri®ed with regard to isoform type by restriction
tected in the distal limb would not be due to contaminating
digests as described in Fig. 1. Additional controls included
cells from more proximal regions, subsequent studies (Fig.
a-actin RT±PCR reactions for each primer pair without re-
6) analyzed an even more distal limb region (15 of the limb),verse transcriptase; these did not amplify any speci®c PCR
but this also contained s-actin mRNA levels which wereproducts (data not shown, but see Figs. 1, 5, and 7 for such
well above background.data).
The composite data from these studies suggests that s-
actin gene expression in nonmuscle embryonic tissues de-
Detection of a-Actin Transcripts in Nonskeletal pends on tissue type (Fig. 6). All samples of E7 neural retina
Muscle Tissues contained background s-actin mRNA levels, whereas the
neural tube data were more variable; about half the sampless-actin transcripts were detected at the earliest limb bud
displayed background levels and the remaining samples ex-stages. While this is consistent with their localization
hibited transcript levels signi®cantly greater than E11 liverwithin myogenic cells, our previous RT±PCR study had
(see Discussion). In contrast, tissues which contribute cellsdetected myf5 and MRF4 mRNAs in several embryonic tis-
to nonmyogenic limb lineages, lateral plate and the distalsues not thought to contain myogenic cells, as well as in
1
4 and
1
5 limb portions, contained s-actin mRNA levels thatearly limb buds (Lin-Jones and Hauschka, 1996). Although
were signi®cantly above those of E11 liver and neuronalother investigators have reported the detection of s- and c-
tissue. As expected, all samples from the myogenic proxi-actin mRNA and protein only in striated muscle (Ruzicka
mal limb region also contained higher s-actin transcript lev-and Schwartz, 1988; Sassoon et al., 1988; Lyons et al., 1991),
els than E11 liver.it seemed of interest to examine the tissue speci®city of a-
actin expression by RT±PCR. Among the four additional In contrast to s-actin, signi®cant levels of c-actin mRNA
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FIG. 4. Composite data for c-actin gene expression in the developing chick fore- and hindlimb. RT±PCR assays with primers speci®c
for the c-actin isoform were used to examine stage 20±26 forelimb (A) and hindlimb samples (B). Composite data were analyzed similarly
to the data described in the legend to Fig. 3. The majority of stage 20±24 fore- and hindlimb samples contained background levels of c-
actin mRNA (indicated by the open bars). At stage 24, about a third of the samples contained signi®cant c-actin mRNA levels (hatched
bars), and at stages 25 and 26, all samples contained signi®cant c-actin mRNA levels, with all of the stage 26 limbs containing transcript
levels greater than 64-fold above those found in E11 liver samples.
are associated only with embryonic tissues that contain eral plate, and distal forelimbÐrequired a greater cycle
number before the PCR product became visible. The onlystriated muscle. In the assay set shown in Fig. 7, E11 liver
®rst displayed the c-actin PCR product after 18 cycles, while sample that contained signi®cant c-actin mRNA was the
proximal portion of the stage 25/26 forelimb, a region con-all nonmyogenic samplesÐneural retina, neural tube, lat-
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taining differentiated skeletal muscle. With but a few spo-
radic exceptions, the nonmuscle tissues examined, E7 neu-
ral retina and early neural tubes as well as lateral plate and
distal limb tissue, contained only background levels of c-
actin mRNA (Fig. 8).
DISCUSSION
Studies comparing the onset of s- and c-actin and MDF
expression, together with temporally related events during
limb development, are summarized in Fig. 9. At stage 14,
ventrolateral somitic cells at the forelimb level begin to
migrate into the nascent limb bud (Christ et al., 1977).
Whether these migratory somitic cells express low levels
of muscle-speci®c genes is unknown. Previous heterotopic
transplantation studies have shown that myogenic precur-
sor cells are already present in forelimb buds at stage 15
(Seed and Hauschka, 1984). These precursors can be de-
tected in limb section explant cultures as early as stage 16
(Hauschka and Rutz, 1982), and clonable myoblasts can be
detected at stage 21 (Bonner and Hauschka, 1974). RT±PCR
analysis of s- and c-actin gene expression in developing
chick limbs indicates an unexpectedly early expression of s-
actin. s-actin mRNA is ®rst detected when myf5 and MRF4
transcripts are ®rst observed, and many stages prior to the
initial detection of MyoD and myogenin mRNAs (Lin-Jones
and Hauschka, 1996). In contrast, c-actin mRNA is not ob-
served until stage 24/25, the time at which many other
muscle structural gene mRNAs (e.g., troponin T (Charles
de la Brousse and Emerson (1990)) as well as MyoD and
myogenin mRNA (Lin-Jones and Hauschka, 1996) are ®rst
detected. The initial appearance of these transcripts is about
a half day prior to the initiation of limb muscle cell fusion
(Hilfer et al., 1973).
Prior studies of chick limb myogenesis had reported theFIG. 5. Detection of s-actin transcripts in nonmyogenic vs myo-
genic tissues. (A) Skeletal a-actin PCR primers were used to amplify simultaneous activation of s- and c-actin genes between
cDNA synthesized from E11 liver, E7 neural retina, stage 9±15 neu- stages 24±27 (Ordahl, 1986; Toyofuku et al., 1993). While
ral tubes, stage 9±12 lateral plate tissue, and the distal and remaining actin gene expression studies of developing mouse limbs
proximal regions of stage 25/26 forelimbs. In this particular assay, have been less detailed, the initiation of c-actin expression
the s-actin PCR product ®rst appeared after 24 cycles in E11 liver. (Sassoon et al., 1989) has been reported at limb stages corre-
The only other tissue that displayed background s-actin mRNA lev-
sponding to those in stage 24±27 chick embryos. The previ-els was E7 neural retina. All the remaining tissues displayed the s-
ous chick and mouse data are thus roughly comparable toactin PCR product at an earlier cycle number, indicating that these
the period of limb muscle cytodifferentiation when the pres-tissues contained signi®cant amounts of s-actin mRNA. The proxi-
ent RT±PCR studies ®rst detect c-actin expression. How-mal three-fourths of the forelimb also contained signi®cant s-actin
ever, the initial RT±PCR detection of s-actin transcriptsmRNA levels; but, as an example of the variability sometimes en-
countered, the relative RT±PCR product levels observed were al- in developing chick limbs occurs many stages earlier. The
most certainly an underestimate of the transcript levels, since the discrepancy between the later stages at which s- and c-actin
lower amount of b-actin PCR product from this sample (see B) indi- mRNAs were previously detectable in chick limbs via
cated a much lower amount of initial RNA. Speci®city of the PCR primer extension and in situ hybridization assays and their
products generated from the various tissue samples was con®rmed detection via the present RT±PCR assays is presumably due
by restriction digest of the 24 cycle reactions with BamHI. The
to the greater sensitivity of the latter technology. Reexami-stage 25/26 proximal forelimb sample was also used in an RT±PCR
nation of s- and c-actin gene expression in mouse limbs viareaction in which there was no reverse transcriptase, and no detect-
RT±PCR might also indicate a much earlier expression ofable PCR products were ampli®ed in this control reaction. (B) Cyto-
s-actin.plasmic b-actin PCR primers were used to amplify the same cDNA
To determine if detection of s-actin mRNA in limb budssamples from the tissues tested for s-actin gene expression, to verify
the integrity of the initial RNA samples. could be attributed solely to myogenic precursor cells, its
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FIG. 6. Composite skeletal a-actin gene expression data from nonmyogenic vs myogenic tissues. RT±PCR assays with s-actin primers
were used to examine samples from E11 liver, E7 neural retina, stage 9±15 neural tubes, stage 9±12 lateral plate, and the distal and
remaining proximal regions of stage 25/26 limbs. The cycle number required to visualize PCR product for each sample was compared in
the same experiment (as shown in Fig. 5) to the number of cycles required for E11 liver, a tissue de®ned as containing background s-actin
mRNA levels. Open bars indicate the percentage of samples that contained background s-actin transcript levels, and hatched bars indicate
the percentages of samples containing signi®cant mRNA levels, with progressively darker bars indicating greater amounts of s-actin
mRNA relative to background (see legend to Fig. 3).
presence was examined in nonmyogenic tissues: stage 9± only at background levels in nonmyogenic limb tissues, and
are not expressed at signi®cant levels in limbs until just12 lateral plate, a tissue that contributes cells to limb meso-
derm prior to somitic myogenic precursor cell migration prior to the onset of overt muscle differentiation. While it
is not de®nitively known whether the s-actin mRNA de-into the limb (Christ et al., 1977, 1979), and the distal-most
portion of stage 25/26 limbs, a nonmyogenic limb region tected in early limb buds is attributable to myogenic precur-
sors, to the extent that this is the case, the s-actin genes(Rutz et al., 1982; Brand et al., 1985) that contributes chon-
drogenic and connective tissue cells to growing limbs are almost certainly being transcribed within replicating
cells, since limb buds at these stages do not contain postmi-throughout their development. Surprisingly, both of these
nonmyogenic tissues exhibit signi®cant s-actin gene expres- totic myocytes (Janners and Searls, 1970).
Detection of signi®cant s-actin mRNA levels in nonmyo-sion (Figs. 5±8). Since cells from these tissue types as well
as somite-derived myogenic cells are present within devel- genic limb tissue precursors raised the question of whether
s-actin was expressed by other nonmyogenic tissues. Thisoping limb buds from the earliest stages at which s-actin
mRNA can be detected, it is thus not possible to conclude was analyzed in E7 neural retina and stage 9±15 neural
tube (Figs. 5±8). Neither actin transcript was detected abovethat the s-actin transcripts in early limb buds are due solely
to myogenic cells. The developmental expression of c-actin background levels in E7 neural retina, indicating that the
genes are not ubiquitously expressed. However, variableis unlike that of s-actin and closely resembles that of MyoD
and myogenin (Lin-Jones and Hauschka, 1996; Figs. 7 and levels of s-actin, but not c-actin, mRNA were detected in
stage 9±15 neural tube. Although not yet understood, the8; and unpublished data). These three genes are expressed
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The developmental patterns of MDF and a-actin gene ex-
pression ®t rather well with data from a-actin gene regula-
tion studies. Comparison of developmental and tissue-spe-
ci®c regulatory elements within the two chick a-actin
genes reveals that s-actin is regulated primarily by multiple
serum response elements (SREs), while c-actin requires a
compound SRE±E-box element for its expression. The im-
portance of SREs in the regulation of both a-actin genes is
demonstrated by SRE mutations in their promoters which
decrease transcription (Chow and Schwartz, 1990; Moss et
al., 1994). Further studies suggest that s-actin expression is
regulated by complex interactions between activating and
inhibitory transcription components such as the serum re-
sponse factors (SRF) and YY1, which in turn, are also regu-
lated transcriptionally and posttranscriptionally. SRFs can
transactivate as well as overcome repression of s-actin SREs
mediated by the transcription factor YY1 (Lee et al., 1991,
1992; Gualberto et al., 1992). While SRF and YY1 were pre-
viously described as ubiquitous, a recent study of early
chick embryos demonstrated that SRF mRNA is expressed
primarily in skeletal, cardiac, and smooth muscle (Crois-
sant et al., 1996). Limited amounts of SRF mRNA, protein,
and SRE binding activity were also detected in neuroecto-
derm, and little to none were found in liver. It is interesting
that while SRF transcripts were detected in neural tube and
lateral plate mesoderm by in situ hybridization, SRF protein
was detected only in developing cardiac and somitic tissues
of these early embryos. It is conceivable that the precocious
expression of s-actin relative to c-actin as well as its variable
expression in neural tube samples is due to the early pres-
ence of SRF/YY1 transcription factors and to transient
changes in their transcriptional activity.
Activation of c-actin gene expression during terminal
muscle differentiation appears analogous to that of other E-
box-containing skeletal muscle genes. MDFs bind to c-actin
E-boxes, and mutation of these results in decreased tran-FIG. 7. RT±PCR ampli®cation of c-actin transcripts from non-
scription (Moss et al., 1994). The ®nding that limb bud RT±myogenic vs myogenic tissues. (A) c-actin PCR primers were used
PCR assays detect MyoD and myogenin mRNAs slightlyto amplify cDNA samples from E11 liver, E7 neural retina, stage
9±15 neural tubes, stage 9±12 lateral plate, and the distal and re- earlier than c-actin mRNAs (Lin-Jones and Hauschka, 1996)
maining proximal regions of stage 25/26 forelimbs. c-actin PCR is consistent with the hypothesis that MyoD and myogenin
products from the E11 liver control sample ®rst became visible are involved in activating the c-actin gene. Although MRF4
after 18 cycles. The only tissue that contained signi®cant levels of mRNA is present at earlier limb stages, previous studies
c-actin mRNA was stage 25/26 proximal forelimb which is known have shown that MRF4 does not transactivate the c-actin
to contain myogenic cells. All nonmyogenic tissues exhibited a c-
promoter (Moss et al., 1994). However, since myf5 can bindactin PCR product pro®le that was either similar to that of E11
the c-actin E-box and transactivate the c-actin promoterliver or which required a greater number of cycles before the PCR
(Moss et al., 1994), the myf5 levels in earlier limb stagesproduct became visible. The speci®city of the c-actin PCR product
must either be insuf®cient to activate the c-actin gene orwas veri®ed by the restriction digest with BclI. No PCR products
other critical transcription factors may be absent.were ampli®ed in the stage 25/26 proximal forelimb reaction that
did not contain reverse transcriptase. (B) Cytoplasmic b-actin PCR While transcriptional controls almost certainly play the
primers were used to amplify the same cDNA samples from the major role in regulating temporal and tissue-speci®c expres-
tissues tested for c-actin gene expression, to verify the integrity of sion of the s- and c-actin genes, unique sequences or second-
the initial RNA samples. ary structures of s- and c-actin 3* untranslated regions
(UTRs) could also contribute to the levels of mRNA de-
tected. For example, s- and c-actin 3* UTR sequences arepresence of s-actin as well as myf5 and MRF4 mRNAs (Lin-
conserved between species but not between the two iso-Jones and Hauschka, 1996) in neural tube samples is consis-
forms (Hu et al., 1986). Although the functional signi®cancetent with the detection of myf5 expression in mouse em-
bryo neural tube (Tajbakhsh et al., 1994). of this is unknown, 3* UTRs of other genes affect both
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FIG. 8. Composite cardiac a-actin gene expression data from nonmyogenic vs myogenic tissues. RT±PCR assays with c-actin primers
were used to examine samples from E11 liver, E7 neural retina, stage 9±15 neural tubes, stage 9±12 lateral plate, and the distal and
remaining proximal regions of stage 25/26 limbs. The cycle number required to visualize PCR product for each sample was compared in
the same experiment to the number of cycles required for E11 liver, a tissue de®ned as containing background c-actin mRNA levels. Open
bars indicate the percentage of samples that contained background c-actin transcript levels, and hatched bars indicate the percentages of
samples containing signi®cant mRNA levels, with progressively darker bars indicating greater amounts of c-actin mRNA relative to
background (see legend to Fig. 3). With but a few exceptions, all the nonmyogenic tissues tested contained background levels of c-actin.
In contrast, the proximal portions of stage 25/26 limb buds are known to contain differentiating myogenic cells and these regions displayed
c-actin mRNA levels that were at least 81 greater than background.
message stability and translational ef®ciency (Sheets et al., mote muscle differentiation (Rastinejad and Blau, 1993).
Whether s-actin protein or the s-actin transcript's 3* UTR1994; Ueno et al., 1994); and among the actins, 3* UTRs
play roles in localizing isoform-speci®c protein synthesis to may play similar roles in early development remains to be
determined. The early expression of s-actin relative to thatparticular areas of the cell (Kislauskis et al., 1993). Either
of these 3* UTR processes could in¯uence the levels of s- of other muscle structural genes is reminiscent of the ``pro-
todifferentiated state'' phenomenon observed for the earlyand c-actin mRNA that are detected.
Do the low levels of s-actin transcripts and possibly of s- expression of insulin and certain pancreatic enzyme genes
(Rutter et al., 1968). As in the latter case, whether the initialactin protein, relative to the levels present in terminally
differentiating muscle, play functional roles in the develop- low, but above background, levels of s-actin mRNA de-
tected in limb buds are due to high expression by a fewment of early limb buds, lateral plate mesoderm, or even
neural tube? While this is presently unknown, s-actin cells, or uniformly distributed low-level expression among
many cells, is not yet known.mRNA or protein might be involved in developmental steps
which establish/restrict or potentiate cell lineages and dif- This study con®rms that c-actin gene expression is acti-
vated in the chick limb at the onset of overt muscle differen-ferentiation. For example, other studies have suggested that
the cytoskeletal protein desmin affects myoblast differenti- tiation. However, s-actin transcripts are detected in limb
cells many stages prior to overt muscle differentiation andation (Li et al., 1994; Weitzer et al., 1995): and in a similarly
speculative vein, the 3* UTR of c-actin is thought to pro- are also found in some nonmyogenic lineages. Irrespective
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FIG. 9. Temporal correlations between s- and c-actin gene expression, myogenic determination factor gene expression (Lin-Jones and
Hauschka, 1996), and other events during chick limb myogenesis. s-actin, myf5, and MRF4 transcripts were detected in the earliest stages
of forelimbs examined: stage 15 for the forelimb (dark line) and stage 16 for the hindlimb (light arrow with diamond end). This coincides
with the migration of somitic myogenic precursors to the limb (Christ et al., 1977), and with the presence of muscle precursors in stage
15 forelimbs as assessed by clonal studies of heterotopically transplanted limbs (Seed and Hauschka, 1984). However, s-actin, myf5, and
MRF4 mRNAs were also detected at much earlier periods (indicated by dashed lines) in stage 9±12 lateral plate tissue which contributes
cells to nonmyogenic limb lineages. In contrast, MyoD and myogenin mRNAs were not consistently detected above background levels
in limb buds until stage 24/25. This coincides well with the initial detection of c-actin transcripts and those of other muscle structural
genes such as troponin T (Charles de la Brousse and Emerson, 1990), and occurs slightly prior to the initial detection of myogenic cell
fusion (Hilfer et al., 1973).
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